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1.0 INTRODUCTION 

The work r e p o r t e d  h e r e i n  was conducted by t h e  Arnold Engineering 
Development Center (AEDC), A i r  Force Systems Command (AFSC), under 
Prograin Element 921E02, Control  Number 9E02-00-9, a t  t h e  reques t  o f  
t h e  Nat ional  Aeronautics and Space Adminis t ra t ion (NASA), Marshal l  
Space F l i g h t  Center  (MSFC) , Hunts l? i l le ,  Alabama and t h e  Thiokol 
Corporation (Wasatch Div i s ion) ,  Brigham C i t y ,  Utah. The Thiokol l  
Wasatch Div i s ion  p r o j e c t  m a r i t o r  was M r .  D. Furlong,  and t h e  NASA~MSFC- 
EP44 p r o j e c t  monitor was M r .  W. P. Baker. The r e s u l t s  were ob ta ined  
by ARO, I n c . ,  AEDC Div i s ion  (a  Sverdrup Corporation Company), opera t -  
ing  c o n t r a c t o r  f o r  t h e  AEDC, AFSC, Arnold A i r  Force S t a t i o n ,  Tennessee. 
The o v e r a l l  t a s k  cons i s t ed  o f  f i v e  s e p a r a t e  t e s t  e n t r i e s  conducted i n  
t h e  von Karman Gas Dynamic F a c i l i t y  (VKF), Tunnel C,  ove r  t h e  p e r i ~ d  

_from January 17, 1979 t h r u  A p r i l  2 ,  1979 under ARO P r o j e c t  Number 
v4 ic-80: 

.-./--r - . ' . ... , . 

A s e r i e s  of m a t e r i a l  e v a l u a t i o n  t e s t s  were conducted on m a t e r i a l  
specimens being c o n ~ i d e r e d  f o r  use  a s  p a r t  of t h e  Thermal P r o t e c t i o n  
System (TPS) on t h e  Space Shut. t le  So l id  Rocket Boosters (SRB) and So l id  
Rocket Motors. (SRM). The m a t e r i a l  specimens cons i s t ed  of s e v e r a l  insu-  
l a t i o n  m a t e r i a l s  a t t a c h e d  t o  suppor t s  which were configured t o  r e p r e s e n t  
t h e  va r ious  protuberances  on t h e  SRB and SRM. The o b j e c t i v e  of t h e  t e s t s  
was t o  expose t h e  m a t e r i a l  samples t o  a n  aerothermal  environaent  which 
s imulated the  p red ic ted  f l i g h t  cond i t ions  of t h e  ascen t  and r e e n t r y  f l i g h t  
t r a j e c t o r i e s .  ' 

The t e s t s  were accomplished i n  two phases.  The i n i t i a l  phase was 
designed t o  c a l i b r a t e  the  t e s t .  environment. The second phase d e a l t  
w i t h  t h e  m a t e r i a l s  eva lua t ion  where t h e  v a r i o u s  m a t e r i a l s  v e r e  t e s t e d .  
The VKF m a t e r i a l s  t e s t i n g  wedges were used t o  suppor t  t h e  t e s t  a r t i c l e s  
dur ing  t h e i r  exposures t o  t h e  tunne l  environment. Wedge ang les  ranged 
from 0 t o  30 deg wi th  nominal tunne l  s t i l l i n g  chamber p r e s s u r e s  of 225  
t o  1800 p s i a  a t  1900°R. Boundary-layer t r i p s  were i n s t a l l e d  on t h e  
wedges t o  promote t u r b d e n t  flow. 

. . . . . -. - . 
The t e s t .p rogram a l s o  included a shnrt t e s t  s h i f t  f o r  t h e  Martin 

M a r i e t t a  Corporation (MM) a t  t h e  reques t  of t h e  NASA-MSFClED34. The 
purpose was t o  provide  add!.tional informat ion i n  suppor t  of a  previous  
t e s t  p r o j e c t  f o r  t h e  MXC c o n d u ~ t e d  i n  January 1979 under ARO P r o j e c t  
No. V41C-62. The p e r t i n e n t  t e s t  informat ion can be  found i n  Ref. 1 and 
i s  no t  d i scussed  i n  t h i s  r e p o r t .  The t e s t  r e s u l t s  from t h e  p a r t i a l  s h i f t  
a r e  included i n  t h e  d a t a  package. 

I n q u i r i e s  t o  o b t a i n  cop ies  of t5e t e s t  d a t a  should be  d i r e c t e d  t o  
Mr. W. P. Baker, NASAIMSFC-EP44, H u n t s v i l l e ,  Alabama 35812. A micro- 
f i l m  record has  been r e t a i n e d  i n  t h e  VKF a t  AEDC. 



2.0 APPARATUS 

2.1 TEST FACILITY 

Tunnel C (Fig.  1 )  is a  c l o s e d - c i r c u i t ,  hypersonic wind t u n n e l  wi th  
a  Mach number 10 axisymmetric contoured nozz le  and a 50-in.-diam t e s t  
s e c t i o n .  The tunnz l  can be operated cont inuously  over  - range of pres- 
s u r e  l e v e l s  from 200 t o  2000 p s i a  w i t h  a i r  supp l ied  by t h e  VKF main 
compressor p l a n t .  Stagnat ion temperatures  s u f f i c i e n t  t o  avoid a i r  
l i q u e f a c t i o n  i n  t h e  test secc ion  (up t o  2260°R) a r e  obta ined through 
t h e  use of a n a t u r a l  gas f i r e d  combustion h e a t e r  i n  series wi th  a n  
e l e c t r i c  r e s i s t a n c e  h e a t e r .  The e n t i r e  tunne l  ( t h r o a t ,  nozz le ,  t e s t  
s e c t i o n ,  and d i f f u s e r )  is cooled by i n t e g r a l ,  e x t e r n a l  water j acke t s .  
The tunnel  i s  equipped wi th  a  model i n j e c t i o n  system, which a l lows re- 
moval of t h e  model from t h e  t e s t  s e c t i o n  whi la  t h e  tunne l  remains i n  
opera t ion .  A d e s c r i p t i o n  of t h e  tunnel  may be  found i n  Ref. 2. 

2.2 TEST HARDWARE 

2.2.1 General 

The o v e r a i l  p r o j e c t  cons i s ted  of f i v e  s e p a r a t e  test e n t r i e s .  For 
ease  of re fe rence ,  each t e s t  e n t r y  is  ass igned a n  e n t r y  number and w i l l  
be r e f e r r e d  t o  by t h a t  number a s  necessary .  Table 1 c o r r e l a t e s    he 
e n t r y  number wi th  t h e  e n t r y  t e s t  d a t e .  

E n t r i e s  1 a r d  4  u t i l i z e d  t h e  f l a t  p l a t e  wedge t o  support  t h e  
t e s t  a r t i c l e s  dur ing  t h e i r  tunnel exposures. This  suppor t  wedge was 
designed a t  t h e  VKF and b u i l t  by t h e  LMSC-Huntsville Divis ion.  An 
i n s t a l l a t i o n  p h ~ t o g r a p h  of t h e  wedge a ~ d  a  t y p i c a l  protuberance model 
is shown i n  Fig.  2. The wedge is  b a s i c a l l y  a 15-in. wide by 41.5-in. 
long f l a t  p l a t e  a t t a c h e d  t o  a  1 3  deg wedge block.  The protuberance 
models were bo l ted  t o  t h e  p l a t e  wi th  t h e  r e a r  edge of t h e  models near  
t h e  dowmtream end of t h e  p l a t e .  A 1/16-in. phenol ic  spacer  was placed 
between t h e  model and t h e  p l a t e  t o  h e l p  minimize t h e  h e a t  conduct*on from 
t h e  wedge i n t o  t h e  model. The b a s i c  wedge ang le  was 13 deg; however, 
o f f s e t  s t i n g  a d a p t e r s  were used i n  conjunct ion w i t h  t h e  t u n n e l  p i t c h  
mechanism t o  p r svfde  a  wedge ang le  r a g e  from 0 t o  25 deg. An i n e t a l l a -  
t i o n  ske tch  of t h e  wedge and its s t i n g  arrangement is  presented i n  Fig.  3. 

E n t r i e s  2 ,  3 and 5  u t i l i z e d  t h e  AEDC water-cooled m a t e r i a l s  t e s t i n g  
wedge t o  support  t h e  test a r t i c l e s .  Figuro 4  shows a  t y p i c a l  spacimen 
i n s t a l l a t i o n .  A double-walled pan wi th  cool ing water c i r c u l a t i n g  through 
t h e  b o t t o m  a n d  s i d e s  w a s  a t t a c h e d  t o  t b ?  w e d g e .  The  m a t e r i a l  
s p e c i m e n s  w e r e  s e t  i n t o  t h e  p a n  a n d  h e l d  i n  p l a c e  b y  s i x  
a d j u s t a b l e  jacking screws. The pan was used t o  ensure  t h a t  t h e  t e s t  
a r t i c l e s  d i d  no t  r e c e i v e  any back-side hea t ing .  Triangular-shaped 
suppor t s  were used t o  vary t h e  ang le  of t h e  pan w i t h  reapec t  t o  t h e  
wedge and thus  vary t h e  hea t ing  r a t e s .  The b a s i c  a n g l e  of t h e  AEDC 
wedge was 33.65 deg; however, t h e  o f f s e t  s t i n g  a d a p t e r s  i n  conjunct ion 
wi th  t h e  tunne l  p i t c h  mechanism provided a  wedge a n g l e  range from 10 
t o  30 deg. The ramp a n g l e  of t h e  pan was f ixed  a t  e i t h e r  0 o r  12 deg. 
An i n s t a l l a t i o n  ske tch  of t h e  AEDC wedgelpan assembly and its s t i n g  
arrangement is presented i n  Fig.  5. 



Both s u p p S r t  wedges had s t e e l  b a l l s  a t t a c h e d  nea r  t h e  l e a d i n g  edges 
t o  s e r v e  as boundary-layer t r i p s  i n  o r d e r  t o  promote turbulent  flow. 

2.2.2 C a l i b r a t i o n  Models (Entry 1 )  

The c a l i b r a t i o n  models c o n s i s t e d  of t h r e e  d i f f e r e n t  protuberance 
c o n f i g u r a t i o n s  from t h e  SRB. A l l  t h r e e  o f  t h e  models were s u p p l i e d  by 
MSFC-EP44 and represen ted  t h e  SRB range s a f e t y  antenna cover ,  f u l l  s c a l e  
k i c k  r i n g  and f u l l  s c a l e  a t t a c h  r i n g .  Heat- t ransfer  d a t a  were obta ined 
on a l l  t h r e e  c o n f i g u r a t i o n s  us ing  t h e  th in - sk in  technique.  P r e s s u r e  
d a t a  were a l s o  obta ined on t h e  a t t a c h  and k i c k  r i n g  models. A l l  t h e  
modeia were cons t ruc ted  wi th  0.0265-in. t h i c k  s h p e t s  of 304 s t a i n l e s s  
s t e e l  a t t ached  t o  an  eluminum and s t e e l  s u b s t r u c t u r e .  Sketches  of t h e  
t h r e e  models are: presented i n  Fig  6. A l l  of t h e  c a l i b r a t i o n  models 
were t e s t e d  on t h e  f l a t  p l a t e  wedge. 

2.2.3 M a t e r i a l s  Specimens ( E n t r i e s  2 ,  3 ,  4 ,  5) 
9 

The TPS m a t e r i a l s  specimens were t e s t e d  i n  e i t h e r  a protuberance 
c o n f i g u r a t i o n  o r  a  pane l  conf igurh t ion .  Table 2  l is ts  a l l  t h e  spec i -  
mens t e s t e d  and t h e  p a r t i c u l a r  d e t a i l s  f o r  each. 

The range s a f e t y  antenna cover protuberance models were cons t ruc ted  
by bonding SLA-220 i n s u l a t i o n  m a t e r i a l  t o  a  f l i g h t  i tem f i b e r g l a s s  c o v e r .  

The protuberance TPS specimens of t h e  a t t a c h  and k i c k  r i n g s  were 
cons t ruc ted  i n  two ways. The specimens w i t h  ins t rumenta t ion  i s l a n d s  
l o c a t e d  on them were made by epoxy bonding HEXCEL 48-4120 m a t e r i a l ,  
which i s  a high s i l i c a  con ten t  g l a s s  a b l a t i v e  m a t e r i a l  w i t h  phenol ic  
r e s i n ,  t o  a  s t e e l  a t t a c h  r i n g  s u b s t r a t e  model. The remaining protu-  
berance specimens were cons t ruc ted  by mechanically f a s t e n i n g  HEXCEL 
48-4120 m a t e r i a l  t o  a  s t e e l  s u b s t r a t e  conf igura ted  t o  r e p r e s e n t  t h e  
t i t tach r i n g  and k i c k  r i n g .  A l l  of t h e s e  protuberances  were supp l i ed  
Ly VSFC-EP44 and t e s t e d  on t h e  f l a t - p l a t e  wedge. 

Tht: panel  specimens were of t h r e e  b; i c  types :  B-stage c o r k  v e r i -  
f i c a t i o n  pane l s ,  MSA-2 m a t e r i a l  development pane l s  and SRB TPS p a i n t  
e v a l u a t i o n  panels .  A l l  of t h e  specimens had aominal dimensions of 12 x 
16-in. wi th  v a r i a b l e  th icknesses  a s  l i s t e d  i n  Table 2 .  The m a t e r i a l s  
f o r  each type were bonded t o  a  0.125-in. t h i c k  aluminum s h e e t  which then 
was mounted i n  t h e  dater-cooled adap te r .  These specimens were a l s o  
supp l i ed  by MSFC-EP44. 

Nine a d d i t i o n a l  specimens were t e s t e d  dur ing e n t i r e s  2 ,  3 and 5 
which were supp l i ed  by Thlokol and MSl'C-EH41. These specimens included 
f o u r  cork  panels  and f i v e  SKM c l e v i s  jo in t /p . in  r e t a i n e r  models. The 
cork  panels  had nominal dimensions of 12 x  16-in. and c o n s i s t e d  of co rk  
TPS m a t e r i a l  bonded t o  an  aluminum s h e e t  similar t o  t h e  specimens s u p p l i e d  
by MSFC-EPU. The c l e v i s  j o i n t  models were made of s t e e l  and s imulated 
t h e  at tachment region between two s e c t i o n s  of t h e  SRM cas ing .  D i f f e r e n t  
methods of r e t a i n i n g  t h e  shea r  p i n s  which he ld  t h e  j o i n t  toge the r  were 

I be ing i n v e s t i g a t e d .  The specimens provided by Thiokol were supported by 
t h e  water-cooled adap te r  dur ing  t h e i r  tests whi le  the  MSFC-ER41 models 
were supported by phenol ic  b locks  dur ing  t h e i r  exposures.  



A t o t a l  of 12 protuberance specimens and 53  pane l  specimens were 
t e s t e d  i n  t h e  f o u r  e n t r i e s .  

2.3 TEST INSTRUMENTATION 

2.3.1 Tes t  Condi t ions  

Tunnel C s t i l l i n g  chamber p r e s s u r e  is  measured w i t h  a 500- o r  
2500-psid t r ansducer  r e fe renced  t o  a near  vacuum. Based or, per iodic  
comparisons wi th  secondary s t a n d a r d s ,  t h e  e c x r a c y  (a bandwidth wh: I:  

inc ludes  95-percent of t h e  r e s i d u a l s ,  i .e. ,  24  d e v i a t i o n )  of t h e  t ~ ~ s ~ s -  
ducers  is es t ima ted  t o  b e  w i t h i n  '0.16 pe rcen t  of  p r e s s u r e  o r  20.5 p s i ,  
whichever is g r e a t e r ,  f o r  t h e  500-psid range and 20.16 pe rcen t  of pres-  
s u r e  o r  22.0 p s i ,  whichever is  g r e a t e r ,  f o r  t h e  2500-psid rangz.  S t i l l - .  
i n g  chamber temperature measurem~nts  a r e  made wi th  c h r o m e l a - ~ l u m e l a  
(CR-AL) thermocouples which have an u n c e r t a i n t y  of +( l .S°F + 0.375 per- 
c e n t  of r ead ing  i n  OF). 

2.3.2 Tes t  Data 

The h e a t - t r a n s f e r  r a t e s  on t h e  c a l i b r a t i o n  models were obta ined 
us ing t h e  th in-skin  technique.  Each of t h e  models were instrumented 
w i t h  up t o  25 Chromel-Alumel thermocouples which were we]-ded t o  t h e  
inner  s u r f a c e  of t h e  s t e e l  s k i n s .  P r e s s u r e s  on t h e  k ick r i n g  and a t t a c h  
r i n g  models were measured wi th  two and four  p o r t s  r e s p e c t i v e l y ,  us ing  
t h e  Tunnel C s tandard p r e s s u r e  system a s  descr ibed I n  Ref. 3 .  The 
l o c a t i o n s  of t h e  thermocouples and p r e s s u r e  p o r t s  a r e  shown i n  Fig .  6 
and l i s t e d  i n  Table 3 .  

The m a t e r i a l  specinens  were instrumented wi th  up t o  12 CR-AL thermo- 
couples .  These thermocouples were t y p i c a l l y  placed a t  t h e  i n t e r f a c e  of 
t h e  TPS m a t e r i a l  and t h e  suppor t  s u b s t r a t e .  The l c c a t i o n s  of t h e s e  
thermocouples v a r i e d  from s ~ e c i m e n  t o  specimen because of t h e  d i f f e r e n t  
p o i n t s  of i n t e r e s t  on each. The exact  l o c a t i o n s  were n o t  supp l i ed  t o  
t h e  VKF; t h e r e f o r e ,  t h e  l o c a t i o n s  a r e  no t  presented i n  t h i s  r e p o r t .  
Severa l  of t h e  protuberance specimens t e s t e d  dur ing  e n t r y  4 had a n  in-  
t e r n a l  c a v i t y  where t h e  p r - s s u r e  was monitored a long  wi th  t h e  thermo- 
couple d a t a .  Th i s  i n t e r n a l  p r e s s u r e  was a l s o  measured wi th  t h e  Tunnel 
C s t andard  p r e s s u r e  system. 

The water-cooled pan s u r f a c e  was instrumented wi th  f o u r  CR-AL 
thermocouples. Two of t h e s e  were l o c a t e d  a long t h e  pan c e n t e r l i n e  and 
t h e  o t h e r  two were loca ted  on e i t h e r  s i d e  w a l l .  

Data on t h e  a b l a t i o n  of t h e  m a t e r i a l s  were ob ta ined  through photo- 
g raph ic  coverage by AEDC and pre- and p o s t - t e s t  th ickness  measurements. 
This  coverage c o n s i s t e d  o f  two 16 mm motion p i c t u r e  cameras, 70 mm 
shadowgraph s t i l l  photographs,  video-tape coverage of  t h e  runs ,  and 
pre- and p o s t - t e s t  photographs o f  t h e  specimens. 



* These were thin-skin ca l ib ra t ion  t e s t s  of pxotllberance modeis 
where the "cold-wall" heating r a t e s  var ied ;cross the  models. 

** These hearing r a t e s  were infer red  by Thickol from previously 
obtained da ta  and were not  supplied t o  the  author.  

W These heat ing r a t ee  were as  determined i n  Entry 1. 

A t e s t  summary showing a l l  configurationa tes ted  and the va r i ab l e s  
f o r  each is presented i n  Table 4. 

3.0 TEST DESCRIPTION 

3.1 TEST CONDITIONS AND PROCEDURES 

3.1 . I  General 

A eummary of the nominal t e s t  conditione f o r  the  e n t r i e s  i8  given 
below : 

MACH WEDGE R 
Q-DOT-0 

2 
ENTRY NUMBER PO, p s i a  TO, O R  ANGLE, deg  ANGLE, deg ~ t ~ / f t  -sec -- 

In  the. VKF continuoue flow wind tunnels (A,B,C), the  model i s  mounted 
on a s t i n g  support mechanism i n  an i n s t a l l a t i o n  tank d i r e c t l y  underneath 
the  tunnel t e s t  sect ion.  The tank i e  separated from the tunnel by a p a i r  

7 
of f a i r i n g  doors and a s a fe ty  door. Wen cleeed, the f a i r i n g  doore, except 

'9 . 
f o r  a s l o t  for  t he  p i t ch  sectox, cover the openrng t o  the tank and "e $ 
eafe ty  door seals the  tunnel from the  tank area.  After  the  model is pre- 
pared f o r  a da t a  run, t he  personnel access door t o  t h e  i n e t a l l a t i o n  tank 
is cloeed, the  tank is vented t o  the  tunnel flow, the  eafe ty  and f a i r i n g  
door8 a r e  opened, and the model is  in jec ted  i n t o  the  airstream. The 
f a i r i n g  doors a r e  closed f o r  the runs which trivolve material rrpecimens 
but arc l e f t  open f o r  t he  ca l ib ra t ion  model runs. After  the da t a  are 



obtained, the model is retracted i n t o  the  tank and the  sequence i e  ra- 
versed with the  tank being vented t o  atmorphere t o  allow accear t o  t he  
model i n  preparat ion f o r  t he  next run. The rsquence i r  repeated f o r  
each rpacimen o i  a n f i g u r a t i o n  change. 

The run times of t he  rpecimens f o r  a l l  t he  e n t r i e r  wore deter- 
mined by urer  t e s t  personnel monitoring the  runs. 

Nornally the  encf re  run i e  made a t  a conr tan t  wedge a n ~ l e ;  however, 
f o r  one run i n  en t ry  2 and f o r  15 runs i n  en t ry  5, the  wedge was pitched 
through a prescribed angle-of-:,ttack sequence. Thie eequence is rhown i n  
Fig. 7 and addi t iona l  d e t a i l s  of t h i s  technique may be found i n  Ref. 4. 
The technique was used t o  e i m l a t e  the va r i ab l e  heat- t ransfer  rates 
experienced during f l i g h t .  The eeql Ice o r  t r a j ec to ry  was accompliehed 
manually f o r  the panel i n  ent:y 2 bur was control led autcmatical ly  using 
the  computer control led VKF Model At t i tude  Control System (WCS) i n  m t r y  
5. 

3.1 . 2  Data Acquisit ion 

For a l l  the  t e s t  e n t r i e s ,  instrumentation outquts were recorded u i n g  
the  VKF d i g i t a i  da t a  scanner, under the  cont ro l  of t he  random access  data 
system (RADS), A complete da t a  loop consis ted of the tunnel condition 
parametere plus  t he  varioue instrumentation which m i # . % t  be ot. the  rest 
a r t i c l e  f o r  a given group. For the  heat-transfex ant. pressure ca l ib ra t ion  
groupe of en t ry  1 ,  t he  da t a  were scanned continuously a t  the  r a t e  of 15 
loops per second. For t he  remaining e n t r i e s ,  the  da t a  r a t e  was e i t h e r  
one loop of data  every one, two o r  f i v e  secondo, depending on the  esti- 
meted exposure time of the  mater ia l  specimen. In a l l  cases ,  t he  da ta  
acquis i t ion  sequence was s t a r t e d  a t  wedge i n j e c t i o n  and continued u n t i l  
t he  wedge was r e t r ac t ed  from t h e  flow. 

3.2 DATA REDUCTION 

For each group, the  t a b d a t e d  data  begin with r l l s t i n g  ~f the  tunael  
condi t ions and test a r t i c l e  information required t o  charac te r ize  the  grot/.; 
and use the data.  Following t h i s ,  the t e s t  a r t i c l e  da t a  are presented. 

The da ta  reduction of the thin-skin thermocouple da t a  involves t he  
ca lor imet r ic  heat  balance which i n  coe f f i c i en t  form ir:  

DTWDT B(T0) = pbc - TO-TW 

Radiation and conduction loeeee a r e  neglected i n  t h i s  hea t  balance, 
and data  reduction simply requi res  evaluation of DTUDT from the  temper- 
ature-time data.  For the  present t e a t ,  r ad i a t ion  e f f ec t a  a r e  assumed 
negl ig ib le ,  aad t he  evaluat ion of DlWDT i a  accomplished by means of a 
procedure whien makes i t  possible  t o  i den t i fy  any conduction influences 
which may be ?resent .  



Separation of variubleo and in tegra t ion  of Eq. (1) rmrdag conatant 
p, b, c and TO yield8 

Dif fe ren t ia t ion  of Eq. (2) with resp-ct  t o  time r e r u l t r  i n  

H(T0) d TO-Twi 
pbc d t  

- Sincs the  lef: s i d e  of Eq. (3) is asscmcd c m s t a n t ,  p l o t t i n 3  

an - versus time should y i e ld  a s t r a i g h t  l i n t ,  the  s lope  of which lro-Tw I 
L can be ushd i n  Eq. (3) t o  evaluate  H(T0). Deviations from a ~ t r s i g h t  

l i n e  ind ica te  conduction e f f e c t s .  

The da t a  were evaluated i n  t h i s  manner and a l i n e a r  port ion of the 
curve was used f o r  a l l  thermocouples. The durat ion of the  da ta  reduction 
waa a function of the heat ing r a t e  and was a s  follows: 

Range No. of Points  i n  F i t  

Tht l i n e a r i t y  of the  f i t s  was examined v i sua l ly  on the  VKF graphics  
terminal. The length of the  f i t  is establ ished automatically according 
t o  the t ab l e  given previously. However, the  beginning t i m e  can be adjusted,  
and the  choice is made based on examination of t he  p lo t ted  r e s u l t s .  

The heat iag r a t e  was then determined by the  r e l a t i o n  

and the "cold w a l l "  (TW - O°F) heating r a t e  was determined by the 
equation 

Reduction of the thin-akinthermocouple da a f o r  models supplied by 
W C  uaed n mater ia l  densi ty  value of 494 1bm/ftS, a mater ial  s p e c i f i c  
heat value of 0.122 Etu/lbm-OR, and a nmsna l  sk in  thickness of 0.0265-in. 
(2.208 10-3 w. 



Data from the thermocouples located on the  ma te r i a l  specimens were 
converted from mi l l i vo l t e  t o  temperature using least-square8 p o l y n ~ a l  
curve f i t 8  of the da ta  contained i n  Ref. 5. 

The mater ia l  rpecimen exposure time, denoted on the  da ta  a s  E X P O S K  
TIME, war mearured from the time the  model ac tua l ly  entered the  tunnel 
flow. 

3.3 UNCERTAINTY OF MEASUREHENTS 

The accuracy of t he  bas i c  measurements (PO aud TO) was discussed 
i n  Section 2.3. Based on repeat  ca l ib ra t ions ,  these e r r o r s  were found 
t o  be 

UJr.ertainties i n  other  parameters were estimated using the  Taylor 
s e r i e s  method of e r r c r  propagation, Eq.  (6 ) ,  

m e r e  AF i s  the abeolute  uncertainty i n  the  dependent parameter 
F f(X1, X2, X3 ... Xn) and Xn is  the  independent parameter (or  bas ic  

measurement). AXn a r e  the uncer ta in t ies  (e r rors )  in the  indpendent 

measurements (or var iab les )  . 
3.3.2 Test Cond?.tions 

The accuracy (based on 2? dlv ia t ion)  of the  bas ic  tunnel parameters, 
PO and TO, (see Section 2.3) and the 20 deviat ion i n  Mach nmber deter- 
mined from t e s t  s ec t ion  flow ca l ib ra t ions  a r e  summarizrd i n  the  follow- 
ing table .  

Uncertainty, (2) percent of a c t u s l  value 

MACH MACH 
NUMBER PO, ps ia  NLMBER - PO - TO 



The u n c e r t a i n t y  i n  wedge ang le  of a t t a c k ,  as determined from caid- 
b r a t i o n s ,  is es t imated t o  be t0.1 deg. 

3.3.3 Tes t  Data 

Heat t r a n s f e r  measurements were made d u r i ~ g  e n t r y  1  us ing  t h e  th in-  
s k i n  technique. Estimated u n c e r t a i n t i e s  f o r  t h e  i n d i v i d u a l  terms i n  t h e  
th in-skin  d a t a  r educ t ion  equa t ions  were used i n  t h e  Taylor  s e r i e s  method 
of e r r o r  propagation (Eq. 6) t o  o b t a i n  u n c e r t a i n t i e s  i n  v a l u e s  cf  heat-  
t r a n s f e r  c o e f f i c i e n t  as given belov: 

Parame t e r  Range Nominal Uncer ta ic iy ,  pe rcen t  

Heat Trans fe r  1 o ' ~  a10 

C o e f f i c i e n t ,  1  o ' ~  
a (TO! 1 o - ~  

The measurement u n c e r t a i n t y  f o r  t h e  Tunnel C s t andard  p r e s s u r e  
system which was used t o  measure t h e  p r e s s u r e s  i n  e n t r i e s  1 and 4  is 
$0.3 p t r c c ; ~ ;  however, t h e  p ressure  p o r t  f i t t i n g s  of t h e  models/speci- 
mens were found t o  have i n t e r n a l  l e a k s  dur ing  p r e t e s t  checkouts (see  
Sec t ion  4.0 f o r  a d d i t i o n a l  remarks). Th i s  makes i t  impossible  t o  quote  
.an u n c e r t a i n t y  on t h e  a c t u a l  measured va lues .  

NQ p r e c i s i o n  can be  quoted f o r  t h e  photographic d a t a  (primary d a t a  
f o r  m a t e r i a l  specinens)  but  s e v e r a l  p r e t e s t  exposures of t h e  t e s t  hard- 
v a r e  i n  t h e  tunnel  were made t o  determine t h e  optimum camera s e t t i n g s .  

4.0 DATA PACKAGE PRESENTATION 

The p r ina ry  o b j e c t i v e  of t h i s  t e s t  program was t o  a s s i s t  i n  t h e  
development of i n s u l a t i o n  m a t e r i a l s  which g i l l  b e  s a t i s f a c t o r y  f o r  u s e  
as p a r t  of t h e  Thermal P r o t e c t i o n  System f o r  t h e  Space S h u t t l e  So l id  
Rocket Boosters znd So l id  Rocket Motors. The wind tunne l  s t s  were 
designed t o  e v a l u a t e  t h e  p e r f ~ r m a n c e  of t h e  d i f f e r e n t  m a t e r i a l s  by 
exposing them t o  an environment which s imulated t h e  p red ic ted  f l i g h t  
cond i t ions .  P r ~ v i o u s  c a l i b r a t i o n  t e s t s  (Ref. 6) had e s t a b l i s h e d  
the  hea t - t r ans fe r  d i s t r i b u t i o n  f o r  t h e  pane l  specinens  t e s t e d  i n  e n t r i e s  
2 ,  3 and 5. Addi t iona l  c a l i b r a t i o n s  were requ i red  f o r  t h e  o t h e r  pro- 
tuberance c o n f i g u r a t i o n s  t e s t e d  i n  e n t r y  4 .  The hea t ing  l e v e l s  d e s i r e d  
on a l l  t h e  conf igura t ions  were obta ined.  A l l  m a t e r i a l  specimens were 
re tu rned  t o  t h e i r  r e s p e c t i v e  s u p p l i e r s  f o r  complete a n a l y s i s .  Trie pres-  
s u r e  p o r t s  on t h e  c a l i b r a t i o n  models were found t o  have i n t e r n a l  
l e a k s  ( s e c t i o n  3.3.3). The r e p a i r  of t h e s e  l e a k s  wculd have requ i red  
disassembly of t h e  models and would have r e s u l t e d  i n  a  long delay i n  
t h e  s t a r :  of t h e  t e s t  s h i f t .  Therefore ,  t h e  Lockheed t e s t  r ep resen t -  

I 

a t i v e s  requested t h a t  t h e  models be  t e s t e d  a s  they were s i n c e  t h e  pres-  
s u r e  d a t a  was a  secondary o b j e c t i v e .  

i Ae mentiLned e a r l i e r ,  t h i s  t e s t  p r o j e c t  included some a d d i t i o n a l  
i t e s t i n g  for  the  MMC. A t o t a l  of 11 groups of h e a t - t r a n s f e r  c a l i b r a t i o n  

i 
d a t a  were obta ined f o r  them t o  a s s i s t  i n  t h e  eva lua t ion  of a f l i g h t  

1 '  t ransducer  f o r  t h e  Space S h u t t l e  Ex te rna l  Tank. Th i s  d a t a  has  been i n -  
cluded i n  t h e  Final  P a t a  Package of the  p resen t  p r o j e c t .  Information 

I p e r t i n e n t  t o  t h e  use o i - t h e  MMC d a t a  can be found i n  Ref. 1 and t h e  d a t a  
package. I I 12  

. ': 
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Samplas o f  t h e  t abu la ted  d a t a  from a c a l i b r a t i o n  run  and a ma- 
terials specimen run a r e  presented i n  Appendix 111. 
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A l l  Dimensions i n  Inches j + Thermocouple Locat i o n s  

c .  Range S a f e t y  Antenna Cover 

Figure  6 .  Concluded 







I TABLE 1. Test  En t r i e s  

I-' ENTRY 
NO. DATE OF TE&'li 

SUMMARY OF PRIMARY 
TEST CONTENTS 

1 Jan. 17, 1979 a .  Thin-skin heat  t r a n s f e r  c a l i b r a t i o n s  
of t h e  SRB Range Safety  Antenna Cover 
( r e a r  face)  

b . Pressure  and heat  t r a n s f e r  c a l i b r a t i o n s  
of t h e  SRB Attach Ring and Kick Ring 
protuberances 

March 7 ,  1979 a .  Charac te r iza t ion  and v e r i f i c a t i o n  t e s t i n g  f 
of B-Stage cork panels : 

? b . SRB TPS pain t  evaluat ion tests 
c .  Development t e s t i n g  of MSA-2 ma te r i a l  1 

panels t 

March 8 ,  1979 a .  Heat t r a n s f e r  c a l i b r a t i o n  tests of Yartin- 
Marie t ta  f l i g h t  transducer 

b.  Mater ia ls  evaluat ion tests of SW TPS 
panels and Clev is  J o i n t s  

c . Character iqat  ion and v e r i f i c a t i o n  t e s t i n g  
of B-Stage cork panels 

March 12, 1979 a .  Mater ia ls  ev i lua t ion  t e s t s  of HEXCEL 4S- 
4120 Phenolic on f u l l  s c a l e  Attach Ring 
and Kick Ring protuberances . . 

b. Ver i f i ca t ion  t e s t s  of SLA-220 and P5O 
cork on Range Safety Antenna Cover 

Apr i l  2 ,  1979 a .  SRB TPS pa in t  evaluat ion tests 
b .  Charac te r iza t ion  and v e r i f i c a t i o n  tests 

of B-Stage cork panels 
c .  Evaluation t e s t  of SW Clevis  Jo in t  
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TA93 S . Thermocouple Locat i one 
a .  Kick Ring 

TC-NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

PRESSURG 
PORT 

1 
2 



TC-NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
10 
19 
20 
21 
22 
23 
24 

PRESSURE 
PORT 

1 
2 
3 
4 

TABLE 3 . C o n t  inued 

b .  Attach R i n g  



I 
I 
I-. 

TC-NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

TABLE 3 .  Concluded 

c .  Range Safety Antenna Cover 
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